The mechanism and kinetics of Al3Li/Al3Sc composite particles formation during aging of triple AlLiSc alloys were studied. The particles of such type consist of two isomorphic phases, ordered by L12 type. Composite particles in AlLiSc are formed by epitaxial nucleation of δ (Al3Li) phase on pre-existing Al3Sc precipitates at low temperature aging in the area of existence of Al3Li phase, and form uniform shell around them. The motive force of such heterostructure formation is the minimization of total surface, elastic and chemical energy of the alloy. Dark-eld transmission electron microscopy images of such composite particles taken from superlattice reex 100 are composed of a dark core surrounded by a bright shell. The mutual diusion of Li and Sc during the aging of AlLiSc alloys is observed. The dark-eld transmission electron microscopy image of the composite particle obtained from superlattice reection became transparent after continuous natural aging of AlLiSc alloys. The presence of the particle in Al matrix can be only seen due to decoration by secondary precipitations of δ (Al3Li) phase. Composition analysis of such transparent particles was carried out using two-beam kinematical theory of electron diraction. Such composite particles with transparent cores remain in Al matrix even after severe plastic deformation of AlLiSc alloy.
ZrTi alloys, which are characterized by nanocomposite particles formation, were investigated giving the evidence about the increase of strength, fatigue properties and creep resistance [16] .
The mechanism and kinetics of Al 3 Li/Al 3 Sc two-phase composite nanoparticles formation in the process of aging of ternary Al(23)%Li(0.10.6)%Sc alloys were studied [2, 3] . The particles of this type consist of two isomorphic phases with L1 2 type order. Constituents of 
Experimental
The investigation was carried out using the electricalresistivity, metallography and electron microscopy methods. gives the proof that material ows from the advancing to the retreating side during FSW [7] .
The phase composition as well as dislocations and grain sizes were observed in the base material and FSW sample using transmission electronic microscopy (TEM).
Disc specimens (3 mm in diameter) were prepared by mechanical grinding to 250 µm thickness and electropolishing using a 30% nitric acid solution in methanol with 60 V × 1 A at 20
• C. Material for these specimens was taken from dierent weld zones at four dierent sites along the midthickness of the cross-section of the FSW sample (marked by rectangles in Fig. 2 ).
Resistance measurements were performed using a fourprobe dc method. The temperature coecient of electrical resistivity α T = 1/R 0 × dR/dT was monitored during (Fig. 3a) . In this temperature range 130200 nm nanocomposite Al 3 Li/Al 3 Sc particles are formed and they have characteristic TEM dark eld contrast with decreasing intensity in the center of the particle (see Fig. 1b, 3c ). The precipitated δ -phase particles have homogeneous dark eld contrast and theirs size is signicantly smaller (515 nm) than the size of composite particles (Fig. 3c) .
The low-temperature minimum disappears on the α T = f (T ) curves after long-term natural aging. A diffuse maximum replaces the low-temperature minimum (see Fig. 3b ). The matrix is fully depleted from Li atoms and Ostwald ripening occurs at higher temperature; it is accompanied with the growth of metastable δ -phase particles and the decrease of their density in the matrix about 300 • C a stable δ (AlLi) is formed.
The temperature coecient of electrical resistivity of the commercial 1460 alloy is shown in Fig. 4 . Two temperature regions are present in all curves (Fig. 4 ). There is a positive peak in the low-temperature region indicating δ -phase dissolution and there is the negative peak in the high-temperature region related to T 1 -phase and There is no negative peak in other curves in Fig. 4 like as in Fig. 3b . This is due to the fact that half-sheets of 1460 alloy have been naturally aged for a long time before FSW (as alloys in Fig. 3b ).
TEM studies have shown that long-term natural aging has completely changed the dark eld contrast of composite particles (see Fig. 3c , 5b).
Al 3 Sc particles of 130200 nm size have dierent type of interface with matrix, i.e. coherent, incoherent and semicoherent ( Fig. 5a ) and the characteristic dark eld contrast with a small intensity in the center of the particle disappears (Fig. 5b) 
where F g is the structural factor equal to F core value in the core of the composite particle, F shell in the shell and 0 in the matrix. Integration is carried out through the thickness of the composite particle within the column approximation [10] .
Transparency of the composite particle core observed in the dark eld images in superlattice reection implies zero structural factor. If Li solubility in the core is taken into account [11, 12] , the core structure factor with variable composition Al 3 Li x Sc 1−x is described as
where F is the resulting structure factor; f Li , f Sc , f Al are electron scattering factors for atoms of Li, Sc, and Al, respectively [8] . The structure factor F 100 changes from 1.814 for Al 3 Scphase to −2.217 for Al 3 Li phase [9] when x changes from 0 to 1 (Fig. 6) . It means that the structure factor of the reection changes its sign in the region of interphase of the composite Al 3 Li/Al 3 Sc particle. Fig. 7 and Fig. 8 ) [9] .
Using this dependence Li content in the core can be determined. For example, to get transparency for Al 3 Sc The presence of dislocations in the Al 3 Li/Al 3 Sc interface (semicoherent particle in Fig. 5c ) changes the contrast and the discontinuous shell in the dark eld images and non-transparent stripes in places where dislocations emerge on the surface of the core are observed (see Fig. 5d ).
The loss of coherence between α-solid solution and Al 3 Li on the interphase is caused by the ejection of the dislocation into the matrix and the formation of complex dislocation structure near the particle (Fig. 5e ). Screw dislocations move in the matrix bend around the composite particles but they can cut δ -phase particles. The evidence of δ -phase particles cutting intersection is the splitting of the whole dislocation into two partial ones (a/2) 110 with oscillating distance between them (see Fig. 5e ) [13] .
When the temperature rises from 325 to 395 • C (above the region of the existing δ -phase) Al 3 Li phase dissolves, the shell disappears and the equilibrium δ-phase forms.
After heating of the alloy up to 460 • C (the region of homogeneous Li solid solution in Al) Al 3 Sc particles produce deformation contrast and a pore of ≈12 nm in size is observed in these interior (see Fig. 5f ). The pore formation is due to the vacancy supersaturation of Al 3 Sc phase as Li diuses from the particle into the matrix.
3.3. Structural state of nanocomposite particles in Al2.3%Li3%Cu0.1%Sc0.1%Zr (commercial 1460 alloy) after FSW
The respective dependence for Al 3 Li/Al 3 Li x Zr 1−x looks similar but the amount of lithium dissolved in the particle core is higher. The maximum of dissolved Li corresponds to Al 3 Li x Zr 1−x particle without shell and is equal to ≈14.5%.
Low-temperature heat treatment of the alloy results in a very low Zr content in the composite particle cores due to the fact that Zr diusion coecient is by an order of magnitude lower than that of Sc and therefore Zr generally segregates at the core/shell interface [14, 15] .
Therefore, the curve shown in Fig. 7 can be also used for the estimation of Li content in the composite particle cores.
The maximum of lithium content in δ /Al 3 (Sc,Zr) composite particles is ≈810 at.%. Most probably, Li content in the composite particle core remains constant after friction stir welding in spite of signicant temperature increase (up to ≈450
• C) in the welded joint zone during welding, because δ /Al 3 (Sc,Zr) composite particles with transparent cores are observed in the stirred zone as well (Fig. 9a) . The particle shape changes from spherical to cubic because of an excessive compressive stress in this region of the joint [18] . The energy of coherent deformation in the particle decreases by more than 30% after such particle shape change [19] . 2. After long-term natural aging the dark eld contrast in the superlattice reection of the composite particle changes: beginning with the intensity extinction in the composite particle core (before natural aging) and ending with transparency formation after natural aging. The eect of transparency is explained by modelling the TEM contrast. This method is used for the determination of Li concentration in the transparent particle core.
The lithium enrichment of Al 3 Sc phase is shown to be 811 at.% Li during natural aging. 
